To simplify and facilitate beating heart (i.e., off-pump), minimally invasive coronary artery bypass surgery, a new coronary anastomotic connector, the Trinity Clip, is developed based on the excimer laser-assisted nonocclusive anastomosis technique. The Trinity Clip connector enables simplified, sutureless, and nonocclusive connection of the graft to the coronary artery, and an excimer laser catheter laser-punches the opening of the anastomosis. Consequently, owing to the complete nonocclusive anastomosis construction, coronary conditioning (i.e., occluding or shunting) is not necessary, in contrast to the conventional anastomotic technique, hence simplifying the off-pump bypass procedure. Prior to clinical application in coronary artery bypass grafting, the safety and quality of this novel connector will be evaluated in a long-term experimental porcine off-pump coronary artery bypass (OPCAB) study. In this paper, we describe how to evaluate the coronary anastomosis in the porcine OPCAB model using various techniques to assess its quality. Representative results are summarized and visually demonstrated.
Introduction
Off-pump coronary artery bypass (OPCAB) surgery can potentially reduce the morbidity associated with the use of cardiopulmonary bypass in coronary artery bypass surgery (e.g., thromboembolic complications, excessive retain of fluid, blood transfusions, and activation of the immune system) and can be of benefit for patients at high risk for complications associated with cardiopulmonary bypass and aortic manipulation 1 . Minimally invasive coronary artery bypass surgery (e.g., thoracoscopic or robotic-assisted surgery), reduces the size of the incisions, and hence, reduces patient recovery time, hospital stay, and morbidity rates 2 . Despite the potential benefits for (a subset of) patients in need for coronary revascularization, adoption of these techniques has not been widespread. One of the reasons is that an off-pump minimally invasive approach for coronary bypass surgery is technically very challenging.
To simplify and facilitate beating heart (i.e., off-pump), minimally invasive coronary artery bypass surgery, a new coronary anastomotic connector is developed: the Trinity Clip 3, 4 , based on the excimer laser-assisted nonocclusive anastomosis (ELANA) technique [5] [6] [7] [8] [9] . The connector enables simplified, sutureless, and nonocclusive connection of the graft to the coronary artery, and an excimer laser catheter laser-punches the opening of the anastomosis. Consequently, owing to the complete nonocclusive anastomosis construction, coronary conditioning (i.e., occluding or snaring and shunting) is not necessary, in contrast to the conventional anastomotic technique, hence simplifying the bypass procedure.
Preceding studies regarding a predecessor prototype ELANA coronary connector, demonstrated its feasibility on relatively large arteries (inner diameter [ID] 2.4 millimeter [mm]) in an acute rabbit model 5 . Moreover, in a porcine open sternotomy OPCAB model, proper healing with minimal intimal hyperplasia was found at the long-term 6, 7 . dissection of the coronary artery, in such a way a hemoclip can completely ligate the coronary artery. 5. Dissect the target area of the ITA, ± 2.0-3.0 cm proximally to the distal free end, remove the peri-adventitial tissue, and measure the caliber (OD 2.0-4.0 mm). 6. Construct the anastomosis with the Trinity Clip as previously described, or alternatively, construct a hand-sutured anastomosis and use a shunt to minimize myocardial ischemia. 7. Ligate the coronary artery proximally with 3 medium hemoclips. Make sure no side branches are occluded and the ligation is 100% occlusive, preventing competitive flow. NOTE: Adjust and set the graft flow by placing temporary atraumatic ligation clips at the coronary artery, while maintaining a representative mean arterial blood pressure and physiological position of the heart; to create a low-flow bypass, ligate the coronary sufficiently distally, and to allow more graft flow, ligate the coronary relatively more proximal 10 . 8. Cover the anastomosis with a pericardial patch to prevent uncontrolled traction onto the anastomosis, after closing the thorax. 9. Place a mediastinal and/or a pleural drain and connect to a suction system. 10. Close the chest. 11. Once the drains stop producing, remove the drains. 5, 6 ), and note if extra stitches are needed to obtain hemostasis.
Intraoperative Examination

Transit Time Flow Measurement (TTFM)
1. Record the mean flow, flow curves, diastolic filling percentage, and the pulsatility index (PI), combined with the mean arterial pressure. NOTE: Modern TTFM consoles calculate these variables automatically. 2. Place the transit time flow probe on a skeletonized segment of the distal graft with aqueous gel to improve probe contact. Use different probe sizes to avoid distortion or compression of the graft. 3. Measure by an adequate systemic blood pressure, before and after releasing the tissue stabilizer, with the heart in its physiological position, and again before chest closure. 4. Calculate the PI by (max flow-min flow) / mean flow. The PI is an indicator of the quality of the anastomosis 11, 12 of the ITA-LAD anastomosis with the heart stabilized by the tissue stabilizer. 2. Record the width, length, and height of the anastomosis with the ECUS system and assess the quality of the geometry of the anastomosis and the coronary outflow tract 13 . If narrowed (e.g., by back-or sidewall capture), revise the anastomosis. NOTE: Metal (e.g., a hemoclip or an anastomotic connector) influences the imaging quality.
Optional: Intraoperative Coronary Angiography
1. Visualize the bypass by a standard coronary angiography. Introduce a catheter through the iliac artery. Grade the patency according to the FitzGibbon criteria.
2. Put the anastomosis 1 hr in 1% buffered osmium tetroxide to complete the fixation. 3. After fixation, dehydrate the anastomosis in a graded series (50, 70, 90, and 100%) of ethanol and in liquid CO 2 by using the critical point method. 4 . Subsequently, open the backwall of the coronary and the upper wall of the ITA at the anastomotic site with a sharp surgical blade. 5. Fixate the specimen on scan tubs and cover with a thin layer of platinum by sputter processing to enhance the image quality. 6. Then evaluate the intravascular anastomotic surface (i.e., assessment of endothelial and/or thrombocyte coverage) using a scanning electron microscope 6 .
Representative Results
We performed a pilot study prior to the evaluation of the new Trinity Clip in a large long-term preclinical safety study to assess the feasibility. In this pilot study, 3 LITA-to-LAD anastomoses (n=1 per animal) were constructed with the connector in the porcine OPCAB model by 1 investigator (D.S.). A 5 hr follow-up was scheduled.
The coronary anastomotic connector enabled completely nonocclusive, sutureless, and fast anastomotic construction (mean 3.4 ± 0.4 min).
In all anastomoses complete hemostasis was demonstrated with a 100% flap retrieval rate. The operative data, listed in Table 1 , show the feasibility of the coronary anastomotic connector in the porcine OPCAB model. Normal appealing flow curves with minimal systolic peaks, a PI below 5, and a predominant diastolic graft filling (diastolic filling [DF] 80%) were consistently measured during the follow-up, as seen in Figure  6 , which is suggestive for a patent coronary graft. The mean peak hyperemic flow response, following 30 sec graft occlusion, was 5.6 ± 0.5, indicating an adequate coronary flow reserve. At 5 hr follow-up, macroscopic inspection demonstrated patent anastomoses without intraluminal thrombus formation as can be seen in Figure 8A . . (A) An OCT image at 6-month follow-up, transverse section, mid-anastomosis 7 . Note: the OCT wire is visible in the lumen. The transversal line represents the minimal anastomotic width (= 2.2 mm). C = connector; RITA = right internal thoracic artery; RCA = right coronary artery. (B) A detailed SEM image at the level of the fork of the connector demonstrating complete coverage with endothelium (2,080X magnification), at 6-month followup 6, 7 .
Discussion
This paper describes a novel coronary anastomotic connector, the Trinity Clip, and how to evaluate such a new device in a porcine off-pump bypass model. Different techniques are proposed to assess the quality of an anastomosis, facilitated by the new connector or conventionally constructed: intraoperative, postoperative, and post-mortem techniques. Assessment of the quality and safety of the facilitated anastomosisas well as the healing and remodeling process -at the short-and long-term is of utmost importance prior to future clinical application of the coronary anastomotic connector.
Currently, only 1 coronary anastomotic connector is being used clinically 17, 18 , multiple other devices demonstrated unfavorable experimental or clinical results, or developers failed to market the product [19] [20] [21] . Compared to other methods to facilitate the coronary anastomosis, the Trinity Clip includes several interesting features. First, owing to the nonocclusive connection of the vessel walls, coronary conditioning (i.e., snaring or shunting) is redundant, enabling anastomotic construction in a bloodless field without a time constraint, and hence, reducing manipulation of the coronary artery. Second, the construction is relatively simple and straightforward, neither a separate incision into the coronary artery nor placing additional stitches to obtain hemostasis are necessary. Third, the connector is a low-profile device, without a bulky device-deployment system; thus, it will not hamper the bypass construction on difficult to reach or remote areas of the heart, and, so, it will potentially extend the possibilities for revascularization via minimally invasive approaches.
Important questions regarding the biological behavior of the facilitated anastomosis are yet unanswered. What are the effects of laserpunching the arteriotomy into both the ITA and the LAD? Could the blood-exposed non-intimal surface (i.e., the material of the forks and the medial and adventitial laser rim), in relation to the small dimension target coronary, be a potential limitation by excessive intimal hyperplasia formation on the long-term? To answer these questions, a preclinical study, using the porcine model as described in this paper, will assess the long-term patency and, additionally, the healing and remodeling effects regarding intimal hyperplasia formation with subsequent potential narrowing of the anastomosis. Moreover, in this preclinical study, the patency, healing, and remodeling of the facilitated anastomosis will be compared to the control, conventionally hand-sutured, anastomosis. The porcine model is suitable for these research questions because of its to human resembling physiology and anatomy of the heart and coronary arteries, and its expedite healing response (e.g., intimal hyperplasia formation), in which a 6 months follow-up duration in the porcine model is comparable to 1.5-3 years of follow-up of the stented human coronary artery 22 . However, the arteries of the young and healthy pig are not diseased and compliant, and thus different to the human diseased vessels encountered in cardio-thoracic surgical practice. Therefore, prior to clinical introduction, the feasibility and safety of the connector will be also evaluated in a human atherosclerotic cadaveric model. Furthermore, a tendency to hypercoagulability is found in pigs 23 . Therefore, to assess facilitated anastomoses on small caliber coronaries, the porcine model is quite challenging. To this point, the in this protocol described antiplatelet therapy (75 mg clopidogrel and 320 mg acetylsalicylic acid) is justified. In addition, the antiplatelet regimen is in anticipation of the blood-exposed nonintimal surface of the anastomosis (BENIS). In our previous study, we showed that the anastomotic nonintimal surface of a predecessor coronary connector completely endothelialized after 10 days 6, 7 . The role for antiplatelet therapy in clinics, using this connector, should be based on the rate of endothelialization. Once the nonintimal surface is endothelialized, the antiplatelet regimen might be lowered.
If unfortunately the anastomotic construction fails, one should retract the clip (by opening of the lower fork only) and then close the coronary lesion (±2 mm length) with repair sutures (8-0 prolene). Pigs are usually quite sensitive to ischemic stress. Therefore, ischemic preconditioning is recommended before occluding the coronary for repairing the defect. Subsequently, a new anastomosis can be constructed distal to the first target. The graft is still mounted by the upper fork of the connector. So after catheter re-positioning and fixation, the connector can be directly inserted into the coronary artery.
The most important anastomosis evaluation techniques are the coronary angiogram (clinical gold standard) and histology (experimental gold standard, combined with the coronary angiogram). However, intraoperative quality assessment of the anastomosis by transit time flow measurements (TTFM) is extremely informative. TTFM is fast, non-invasive, real-time, and easy, and moreover, correct interpretation can reduce the number of technical, not visible, errors 11, 12, [24] [25] [26] . The modern TTFM consoles automatically calculate and demonstrate real-time the mean flow, the flow curve, and the pulsatility index (PI), and lots of other parameters. The PI is calculated by (max flow-min flow) / mean flow and is an indicator of the quality of the anastomosis, whereas the mean flow on its own is not a reliable indicator. A low mean flow (<15 ml/min) with a good PI (<5) and a good diastolic flow curve can be found by a perfect anastomosis at a small target coronary with a moderate run-off, whereas a good mean flow (>15 ml/min) with an abnormal diastolic filling pattern and a high PI (>5) is suggestive of an anastomotic imperfection or a graft failure (i.e., torsion, compression, or kinking of the graft). In this case, one should consider revising the anastomosis. Thus, a good assessment of the quality of the anastomosis should include the interpretation of the flow curve, the pulsatility index, and the mean flow, combined with the clinical status. However, the reported specificity and sensitivity of TTFM are not uniform, and, therefore, the diagnostic accuracy is under debate. In addition, the cut-off value of the PI is empirically determined on the basis of clinical experience rather than clinical studies. The TTFM console we currently use in the preclinical animal study disposes of epicardial ultrasound imaging. If there is still uncertainty regarding the quality of the anastomosis after the flow measurements, a real-time epicardial ultrasound image can be of great help in further evaluation of the anastomosis, hereby increasing the diagnostic accuracy [27] [28] [29] [30] [31] .
An experimental alternative to the TTF measurements is the peak hyperemic flow response 32 , i.e., coronary flow reserve, which is the ratio of the peak hyperemic flow, following 30-second graft occlusion, and the base flow. The peak hyperemic flow response should be >4 for a distal anastomosis. If the anastomosis is targeted proximal on the coronary artery, the peak hyperemic flow response can be slightly lower and should be >3 6 . An absent hyperemic flow response is suggestive for a technical anastomotic error or a graft failure. In that case, consult the TTF measurements and clinical status, and consider revising the anastomosis. Please note that the absolute flow reserve varies with the arterial pressure (thus, always measure at the same mean arterial pressure, in duplicate) and that ischemic preconditioning can negatively influence the peak hyperemic flow response. Furthermore, the peak hyperemic flow response is not a validated method and an absolute cut-off value has not been defined. We have empirically selected the cut-off on the basis of our experimental experience.
Finally, the anastomosis technique described in this protocol is an experimental anastomotic technique with the aim and potential to be applied in the clinical minimally invasive setting. Currently, the materials for the application of the technique shown in this paper are not finalized or marketready products, but rather prototype instruments. There is still a window of amelioration (e.g., versatile applier and flexible laser catheter), which will be filled in soon. This new technology has interesting potential, and will be evaluated thoroughly in a preclinical study by using this protocol.
